We suggest a way to disentangle self-from cross-correlation contributions in the dielectric spectra of glycerol. Recently it was demonstrated for monohydroxy alcohols that a detailed comparison of the dynamic susceptibilities of photon correlation and broadband dielectric spectroscopy allows to unambiguously disentangle a collective relaxation mode known as the Debye process, which arises due to supramolecular structures, and the α-relaxation, which proves to be identical in both methods. In the present paper, we apply the same idea and analysis to the paradigmatic glass former glycerol. For that purpose we present new light scattering data from photon correlation spectroscopy measurements and combine these with literature data to obtain a data set covering a dynamic range from 10 −4 − 10 13 Hz. Then we apply the above mentioned analysis by comparing this data set with a corresponding set of broadband dielectric data. Our finding is that even in a polyalcohol self-and cross-correlation contributions can be disentangled in that way and that the emerging picture is very similar to that in monohydroxy alcohols. This is further supported by comparing the data with fast field cycling NMR measurements and dynamic shear relaxation data from the literature, and it turns out that, while the α-process appears very similar in all methods, the pronounced differences observed in the spectral density are due to a different expression of the slow collective relaxational contribution. In the dielectric spectra the strength of this peak is reasonably well estimated by the Kirkwood correlation factor, which supports the view that it arises due to dynamic cross-correlaions, which were previously often assumed to be negligible in dielectric measurements.
I. INTRODUCTION
In the study of supercooled liquids, glycerol has a prominent position as one of the pet systems, probably due to its very low tendency to crystallize and also because of its large dipole moment, which make it a good candidate particularly for dielectric investigations [1] [2] [3] [4] [5] [6] . But in fact, glycerol has been studied intensively with a great number of experimental techniques to answer fundamental questions of glass and fluid dynamics, including, besides dielectric spectroscopy, nuclear magnetic resonance, 7-9 dynamic light scattering, 10,11 neutron scattering [12] [13] [14] and many other techniques. [15] [16] [17] [18] [19] [20] In terms of possible interactions, however, glycerol is by no means a "simple" liquid, and thus its status as a "fruit fly" of glass research has recently been questioned. 21 And indeed, glycerol as a polyalcohol is more complicated than a typical van der Waals liquid, because of three OH-groups, which are able to form H-bonds in the liquid. At first glance, the spectral shape of a dynamic susceptibility in polyalcohols is hardly different from that of a van der Waals liquid: For example the dielectric loss shows a primary process which is usually identified as the collective structural or α-relaxation 7 , which is usually thought to be related to the viscosity. However, recently a dynamic shear study revealed an additional relaxation process in a) Electronic mail: Jan.Gabriel@fkp.physik.tu-darmstadt.de b) Electronic mail: thomas.blochowicz@physik.tu-darmstadt.de glycerol, which is slower than the α-relaxation. 17 This is a remarkable observation regarding the fact that only one single peak is observed in dielectric spectroscopy.
In terms of complexity, monohydroxy alcohols with only one OH-group per molecule should in some sense be in between van der Waals liquids and polyalcohols. Many investigations were carried out on monohydroxy alcohols, to single out the influence of H-bonds in this seemingly simple situation. 22 In contrast to van der Waals liquids and polyalcohols many monohydroxy alcohols show a clear two-peak structure in the dielectric loss. At lower frequencies than the α-relaxation, a peak with mostly a single-exponential or Debye-like relaxation shape is observed in the spectrum. This peak is attributed to the dynamics of transiently hydrogen-bonded supramolecular chains. 23 As the permanent dipole moments are preferentially oriented along the H-bonded structures, the dielectric Debye process mainly reflects intermolecular cross-correlations. Accordingly, in many monohydroxy alcohols the relaxation strength is significantly larger than what is expected from uncorrelated single-molecule dipole moments and the amount is quantified by the Kirkwood correlation factor. 24 In previous investigations of monohydroxy alcohols it was demonstrated that selfand cross-correlation contributions can well be separated experimentally by comparing photon correlation with dielectric data, where in the majority of cases the former turns out to reflect the self-correlation part of the spectrum [25] [26] [27] [28] [29] . Assuming that monohydroxy alcohols are systems with intermediate complexity between van-der-Waals liquids and polyalcohols, the question arises whether polyalcohols really show a spectrum that is qualitatively different from monohydroxy alcohols in that it does not show a cross-correlation contribution in the dielectric spectrum or whether such a contribution is simply merged with the α-relaxation. The two peak structure recently observed in shear mechanical data of glycerol might be a hint that the latter is the case in polyalcohols and that self-and cross-correlation contributions are simply harder to disentangle than in monohydroxy alcohols. Conceptionally one might imagine a less directed total dipole moment in the network structure of polyalcohols than in the linear chain structure of monohydroxy alcohols.
In the present work our approach will be to apply a procedure similar to the one used for the analysis of the dielectric loss in monohydroxy alcohols [25] [26] [27] [28] . For that purpose we present a broadband light scattering data set of glycerol, where our own photon correlation data are merged with Tandem Fabry-Perot and Raman data from the literature to cover a dynamic range from 10 −4 −10 13 Hz. By comparison with broadband dielectric data we show that self-and cross-correlation contributions can be disentangled in the dielectric data. Further support for this approach is derived from the discussion of nuclear magnetic resonance (NMR) fast field cycling measurements and dynamic shear data, both from the literature.
II. EXPERIMENTAL BACKGROUND
Samples of glycerol (Karl Roth, >99.7%), were used from a new bottle and filtered into a photon correlation spectroscopy (PCS) sample-cell by using a 200 nm hydrophilic syringe filter, while the dielectric samples were prepared from the same bottle without further purification. Everything was prepared as quickly as possible to minimize unwanted water contamination.
In terms of temperature measurements all temperature environments were carefully calibrated to achieve an overall accuracy of ±0.5 K. Broadband dielectric spectroscopy (BDS) was performed using a Novocontrol Alpha-N High Resolution Dielectric Analyzer in combination with a time domain dielectric setup, reported in detail in Ref. 30 and an Agilent E49991A Impedance Analyzer. Combined data sets of the complex dielectric susceptibility ε * (ω) were obtained, covering the frequency range of 10 −4 − 10 8 Hz. Light scattering experiments were performed in vertical-horizontal (VH) depolarized geometry. In the high frequency range a Tandem Fabry-Perot interferometer was used (TFPI, J.R. Sandercock, 3 · 10 8 − 10 12 Hz) for a few reference measurements to ensure matching temperatures and correlation times between literature data and the data of our own laboratory. The PCS experiments were performed under a scattering angle of 90
• in a setup already described earlier in detail.
31-33
The measured intensity autocorrelation function g 2 (t) = I s (t)I s (0) / I s 2 was converted into the electric field autocorrelation function g 1 (t) = E * s (0)E s (t) / |E s | 2 by using the Siegert relation for partial heterodyning as described in more detail by Pabst et al. 3334 . In order to allow for a direct comparison of BDS and light scattering data, both data sets are used in the same representation in the frequency domain, i.e. the dielectric loss ε ′′ (ω) is compared with the imaginary part of the complex light scattering susceptibility χ ′′ (ω), which is calculated from g 1 (t) through Fourier transformation:
By using the Filon rule of integration 36 the transformation can be carried out for discrete datasets on logarithmic scales, resulting in a spectral representation of the depolarized dynamic light scattering data as generalized susceptibility χ ′′ (ω). Because PCS itself is not able to determine absolute relaxation strengths, χ ′′ (ω) needs to be renormalized after Fourier transformation. This can be achieved at least to reasonable approximation by combining these data with TFPI measurements, as shown further below. The latter are either normalized to a temperature dependent absolute scattering intensity or, as e.g. applied by Brodin et al., 10 by using a particular Raman line.
When comparing BDS and light scattering susceptibilities, one has to keep in mind that, although both reflect molecular reorientation, BDS observes a correlation function of a vectorial quantity, the molecular dipole moment, while the PCS observable is connected with a tensorial quantity, the anisotropic molecular polarizability.
35,37
This leads to reorientational correlation functions that are expressed in terms of Legendre polynomials of rank ℓ as:
with ℓ = 1 for BDS and ℓ = 2 for light scattering, with θ(t) being the angle between the positions of the respective molecular axis at times 0 and t. If the optical anisotropy and the permanent dipole moment are mainly located at the same molecular entity and the dynamic processes under consideration are isotropic to good approximation, then relations between Φ 1 and Φ 2 can be established depending on the geometry of the underlying process. In case of random angle jump of the molecules the correlation function becomes independent of ℓ, 37 and under certain conditions, also small angle based reorientation geometries can lead to approximately ℓ-independent correlation functions. Fig. 1 shows selected autocorrelation functions of the electric field g 1 (t) from PCS, which were Fourier transformed to yield generalized susceptibility spectra between 190 and 260 K, together with TFPI data from Brodin et al. 10 The TFPI data are in agreement with our own reference TFPI measurements with respect to peak position and spectral shape at a given temperature. We describe the depolarized light scattering spectra of glycerol by an α-relaxation with high-frequency wing contribution by using an extended generalized gamma (GGE) distribution. 39 For comparing PCS with BDS data, a reasonable normalization for the light scattering is needed. This is achieved by first normalizing the measured TFPI spectral densities S(ω, T ) with respect to the intensity of a Raman line. Then the generalized susceptibility is obtained by dividing by the Bose factor, which in the classical limit leads to [40] [41] [42] :
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III. RESULTS AND DATA ANALYSIS
Here, the prefactor 1/T mimics a Curie law, which is well known behavior for the relaxation strength in dielectric spectroscopy. In order to combine TFPI with PCS data to produce a broadband light scattering data set, Fourier transformed correlation functions g 1 (t) are multiplied by 1/T and then the entire PCS data set is shifted in intensity relative to the TFPI data so that the high frequency wing of χ ′′ (ω) from PCS smoothly extrapolates to the low frequency flank of the susceptibility minimum observed in the GHz-THz range. The result of this procedure is shown in Fig. 1 . Fig. 2 shows glycerol data obtained by PCS, TFPI, Raman and BDS, all at T = 190 K. The light scattering data are normalized in intensity relative to the BDS data by superimposing the high-frequency wing of the α-process in both methods. The reason for choosing this particular normalization is the observation in several monohydroxy alcohols that α-and β-relaxation in both PCS and BDS perfectly superimpose and that this procedure allows to single out the Debye contribution in the dielectric spectrum of monohydroxy alcohols.
22,26,27
The same idea is now applied for the polyalcohol glycerol, where such a superposition would allow to single out slow cross-correlation contributions in the dielectric spectra assuming that the self part of the correlation function is identical in both methods as in monohydroxy alcohols. The resulting combined light scattering and BDS data set, which shows the spectra of each method at the same temperature, is seen in Fig. 3 . We note that all data, light scattering or dielectric, below 1 GHz are from our own lab to ensure as far as possible identical temperatures, while the high-frequency dielectric data are taken from Schneider et al. 3 and slightly shifted in relaxation strength to match our own BDS results. The high frequency light scattering data are taken from Ref. 10 and merged with the PCS data set as described above.
Concerning the fits displayed in Figs. 2 and 3, the PCS data are again described by the Fourier transform of a GGE distribution and the BDS data are described by the corresponding PCS fit at the respective temperature plus a Kohlrausch-William-Watts (KWW) stretched exponential function to take account of the BDS cross-correlation (c-c) part:
with relaxation strength ∆ε c-c and the stretching parameter being approximately β ≈ 0.85 at all temperatures. Thus, the BDS spectra split into a broad self-correlation part and a more narrow cross-correlation part. Compared to monohydroxy alcohols the latter contribution is slightly more stretched, and it should be noted that in some monohydroxy alcohols the Debye-like relaxation also appears to be slightly broadened 43 , in particular when the latter is close to the α-relaxation indicating rather small supramolecular structures that comprise Fig. 1 . Dielectric permitivity spectra were composed of low frequency data from this work with high frequency data from Lunkenheimer et al. 3 The light scattering data from Fig. 1 were shifted with respect to the dielectric data with a common factor determined at 190K by overlapping the high-frequency wing of the α-relaxation in both methods. very few molecules only [25] [26] [27] 44 . The PCS, TFPI, Raman and BDS time constants shown in Fig. 4 are similar at high temperatures and separate slightly at low temperatures. This result is independent of the exact procedure of analysis, either fitting the dielectric loss independently with one GGE function or using the PCS fits plus an extra KWW for the dielectric data. We note that in the latter approach, the similarity of both timescales τ c-c and τ α is consistent with the broadening of the cross-correlation part. In whatever way this cross-correlation contribution is interpreted in terms of physical mechanism, its close similarity with the α-relaxation time scale indicates that to some extent dynamic heterogeneities are reflected in that process, in contrast to the case of most monohydroxy alcohols, where larger objects, i.e. transient chains, are thought to average over the dynamically heterogeneous environment during reorientation.
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In order to crosscheck the applied procedure one can now use the relaxation strength of the self and the crosscorrelation part in the spectrum and compare this with the Kirkwood correlation factor, which quantifies the amount of cross-correlations in a sample with interacting dipoles. 24, 45 If the differences on the timescale of the microscopic dynamics are neglected, and further, if one assumes that the cross-correlations leading to g K > 1 are reflected dynamically mainly in the relaxation strength ∆ε c-c , then a suitable measure for the amount of cross-correlations would be the ratio of the total relaxation strength over the α-relaxation strength (∆ǫ α + ∆ǫ c-c )/∆ǫ α . The result is shown in the inset of Fig. 4 . We note that the area under the peak of the microscopic dynamics in the light scattering spectra in Fig. 1 comprises about 10% of the whole area under χ ′′ (ω). As this area is disregarded in the simple estimate for the cross-correlations in the spectrum, we include it in the determination of the indicated uncertainties. Now, this ratio can be compared with the Kirkwood/Fröhlich correlation factor:
Here, k B is Boltzmann's factor, N A is Avogadro's number and ε 0 is the permittivity of the vacuum. The static permittivity ε s was directly extracted from the dielectric data. Determination of ε ∞ , however, is not as straight forward. One way is to take ε ∞ ≈ 1.05 n 2 following the literature 46 , another approach is to take ε ′ (ω) at the highest frequencies reported in Ref. 3 for one temperature T = 295 K and consider the temperature dependence by using the temperature dependence of the squared refractive index. Both approaches lead to slightly different values, which were used to determine the uncertainties for g K . The refractive index n and density ρ were taken from Mirjana et al. 47 and Leron et al. 48 in the temperature range of 288 − 323 K and linearly extrapolated to lower temperatures. Finally a molecular dipole moment of µ = 2.76 D 4 and a molecular mass for glycerol of M = 92.09 g/mole were used. The inset of Fig. 4 demonstrates very good agreement of the values and the temperature dependence of both quantities in the range of 190 − 260 K, where a detailed comparison of the data is possible.
IV. DISCUSSION
In order to support the conclusions drawn from the above analysis in the following we compare our re-sults with some literature data, namely fast field cycling NMR measurements and dynamic shear relaxation spectroscopy. It is critical for our analysis to be able to separate self-and cross-correlation contributions in the dielectric spectra and the analysis relies on the assumption that light scattering is unaffected by cross-correlations. Although this may not be true in general, as in some cases a corresponding Kirkwood correlation factor can also be measured in light scattering, 49 in many systems indeed light scattering proves to be rather insensitive towards cross-correlations, in particular when the structural molecular anisotropy is not too big. In the case of glycerol, this notion is further supported by NMR field cycling experiments: By measurements of frequency dependent spin-lattice relaxation times one can access the spectral density of an orientational self-correlation function based on the nuclear dipole-dipole interaction of protons. 50 The field cycling technique in that case measures the rotation and translation of molecules due to the fact that there are intra-and inter-molecular proton-proton couplings. The masterplot of the generalized susceptibilities in Fig. 5 demonstrates that the PCS data are identical with the field cycling data taken from Gainaru et al. 8 in the region of the maximum in χ ′′ (ω) and at higher frequencies. The only difference is given by the translational contributions on the low frequency flank of the field cycling data originating from inter-molecular proton-proton interactions. In the case of proton NMR one can even replace some protonated glycerol molecules by deuterated glycerol and thus reduce the signal from the inter-molecular coupling by dilution as demonstrated by Meier et al. 51 . This removes the translational part in the spectrum and leaves only a pure orientational self-correlation. As both NMR and light scattering probe reorientation by a tensorial quantity, which leads to an ℓ = 2 correlation function in both cases, the observed identity in both shape and timescale demonstrates that indeed cross-correlational contributions are absent in light scattering spectra of glycerol in the region of the α-relaxation. We note here, that of course correlation functions become different, when, e.g., in 2 H-NMR experiments particular parts of the molecule are deuterated, like particular OH-and CH-groups as done by Döß et al.,
7 because then the dynamics of different molecular entities becomes distinguishable. By contrast, in the proton field cycling experiment as well as in light scattering, the involved interactions average over the whole molecule and thus produce the same spectral density in good approximation.
Although it is clear in that way that light scattering reflects the self-part of the correlations, it is non-trivial that these should be the same in terms of spectral shape and timescale as the corresponding dielectric self correlation function. Even if one assumes that both to first approximation reflect the reorientation of the whole molecule, there is still the different rank Legendre polynomials involved in each correlation function. However, spectral shapes and timescales which are identical within exper- imental limits are observed when comparing BDS and PCS data in the range of α-and β-relaxation for many monohydroxy alcohols, which leads to the conclusion that the slow dynamics in monohydroxy alcohols is most likely governed by processes that involve large reorientation angles as is the case, e.g., for random jump dynamics as compared to rotational diffusion. [25] [26] [27] 44 Drawing on the observation in monohydroxy alcohols the same assumption was made in the context of the present analysis.
Interestingly, when light scattering and dielectric data are scaled on top of each other in the region of α-process and high frequency wing as shown in Fig. 3 , then in the THz region the light scattering susceptibility shows about a factor three larger intensity than the dielectric loss. In fact, this is exactly what is expected from general considerations for ℓ = 1 and ℓ = 2 correlation functions, if reorientational motions are restricted to very small angles. In that case it can be shown that:
Previously it was argued that this relation can be applied for the dynamics in the region of the high-frequency wing, when the peak maximum of χ ′′ ℓ=2 (ω) and χ ′′ ℓ=1 (ω) are scaled on top of each other. 8, 9 If such scaling is applied, however, it can be estimated from Fig. 3 that the resulting difference in the THz dynamics, where the assumption of small angle restricted reorientation is most likely valid, would increase to about a factor of ten, inconsistent with Eq. 6. By contrast, the scaling applied in Fig. 3 leads to an overall consistent picture up to the THz regime.
In monohydroxy alcohols the appearance of the Debye contribution is related to the formation of supramolecular structures, which lead to cross-correlations of molecular dipole moments that produce an additional peak in ε ′′ . By contrast, in polyalcohols the structures formed will most likely be network structures. How these are related to cross-correlations of molecular dipole moments is far less obvious. It should be noted however, that recently theoretical models suggest, that also without particular interactions like hydrogen bonds, simply the dipole-dipole interactions in a polar liquid may lead to cross-correlations that produce a separate slow relaxation peak in the dielectric loss, similar to the Debye process in monohydroxy alcohols 55 . Thus, the cross-correlations observed in the dielectric loss of glycerol need not necessarily be due to the hydrogen bonding network 56 . Further investigations of strongly dipolar but non-hydrogen bonding liquids will shed more light on this question.
With the present analysis at hand, which suggests how to distinguish self-from cross-correlation contributions in the dielectric spectra, it is worthwhile to take a look at shear mechanical relaxation data, which by mere visual inspection clearly show a bimodal spectral shape in the case of glycerol. In Fig. 6 the spectral shape of the BDS measurements in modulus representation M ′′ (ω) is compared to the dynamic shear modulus G ′′ (ω) of glycerol from Jensen et al. 17 . The comparison is made at 200 K and both techniques have surprisingly similar spectral shape and deviate significantly from a simple peak structure. The difference in time constant might be due to a difference of G ∞ and M ∞ = 1/ε ∞ values, which change the time constants in modulus representation. In order to eliminate the influence of G ∞ and M ∞ , we change the representation to a compliance representation
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Similar to the complex conductivity in dielectric spectroscopyσ(ω) = iωε(ω), where the low frequency limit σ(ω → 0) = σ DC is often subtracted to reveal the relaxational contribution in the dielectric data, one can subtract the low-frequency limit of the complex fluidity F * (ω) = iω J * (ω), i.e., F * (ω → 0) = F 0 , from the imaginary part of the compliance.
Thus, J ′′ relax (ω) becomes directly comparable to the BDS permittivity and the light scattering susceptibility. In Fig. 6 the shear compliance data are described by a ColeDavidson function with a shape parameter of β CD = 0.43 and an additional slower Debye contribution and both functions approximately have the same intensity. As Fig. 6 demonstrates, what can be identified as the α-relaxation is actually rather similar in all three experimental methods, while in a slower collective contribution each method seemingly shows very different aspects of the dynamics in glycerol: While light scattering pronounces the local aspect of the α-relaxation on a molecular level, as cross-correlations most probably imposed by the H-bonding network do not play a significant role for the relaxation of the optical anisotropy, for the dielectric relaxation cross-correlations are significant and also for the macroscopic shear response a slow collective relaxation mode seems to be important.
It is remarkable that like in glycerol, one can observe a slow contribution in the shear relaxation in nearly all monohydroxy alcohols 58 . By contrast, the selfcorrelation in PCS is free of any Debye-like contribution in glycerol, while for certain monohydroxy alcohols, especially secondary alcohols like 5-methyl-2-hexanol 26 , a weak Debye-like contribution can be identified. The reason for this difference is still an open question. Most probably, it arises depending on the average lifetime the supramolecular structures and on how much restriction they impose on the reorientation probed by the α-relaxation. If the restriction is significant and the α-relaxation becomes slightly anisotropic, a small slow mode in the self-part of the correlation function may be seen, as is observed in light scattering, while otherwise the selfcorrelations are unaffected and a slow mode is only observed if cross-correlations play a significant role, like in dielectric spectroscopy. Further verification of this picture will be subject of future work.
V. CONCLUSIONS
A detailed comparison of the spectral shape of the dielectric and light scattering response of glycerol reveals that the dielectric loss can be decomposed into self-and cross-correlation contributions. Like it was demonstrated in the analysis of several monohydroxy alcohols, the self correlation part monitored by PCS is related to the α-relaxation, which appears very similar if not identical in the investigated experimental methods, while every method shows a different expression of a slow collective relaxation mode, which is identified as Debye peak in monohydroxy alcohols. Correspondingly, in glycerol the α-relaxation is found to be very similar in dielectric, light scattering, field cycling NMR and shear mechanical response while the slow collective relaxation appears rather different in shape and timescale. In the dielectric spectra the additional slow process can be assigned to the relaxation of cross-correlations, which are most probably due to the H-bonding network structures. The relative strength of these cross-correlations was shown to be in agreement with the Kirkwood correlation factor. Thus, surprisingly, the main difference between the various response functions of glycerol is found in the cross-correlation contribution, exactly as it was already found in various monohydroxy alcohols. How far Hbonding plays the crucial role in establishing these crosscorrelations or if electric dipole-dipole interactions in polar liquids are enough to produce such a slow collective process, as is suggested by a recent theoretical model, 55 has to be left open for future studies.
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